An Ag-Pd-Cu-Au casting alloy was subjected to solution treatment at various temperatures. The dynamic hardness of each resultant microstructure and the Vickers hardness of the whole alloy were measured to investigate their relationship with changes in metal and crystal structure of the alloy and microstructural elemental concentration. The samples following solution treatment at 650, 700, 750, and 800 C consisted of a fine-layer structure (Structure A), a rough-layer structure (Structure B), and an island-like structure (Structure C). Structures A and B, after treatment at 850 C, were indistinguishable. The composition of Structure A was very similar to that of the alloy. Structures B and C were Ag-rich/Pd-poor/Cu-poor and Ag-poor/Pd-rich/Cu-rich, respectively. The composition of Structures B and C approached that of Structure A with increasing treatment temperature. The dynamic hardness, which was highest in Structure A, lower in Structure C, and lowest in Structure B, increased with increasing treatment temperature. These findings suggest that solid solution strengthening, due to elemental diffusion between structures during heating, contributes to hardening at elevated solution treatment temperatures.
Introduction
The mechanical properties and corrosion resistance of Ag-Pd-Cu-Au casting alloys vary according to the structures formed during casting and subsequent heat treatment. 1, 2) There are numerous reports on post-casting heat-treatmentinduced changes in the structure and mechanical strength of Ag-Pd-Cu-Au casting alloys. [3] [4] [5] [6] Seol et al. 6) examined isothermal age-hardening behavior, phase transformation, and related microstructural changes. Guo et al. 7) investigated hardness and microstructure of heat-treated Pd-Ag dental alloys containing Sn and In, examining the relationship between precipitation and change in hardness. Increasing tensile strength and hardness of Ag-Pd-Cu-Au alloys by hightemperature solution treatment has been reported. Ruptured surface observation and X-ray diffraction studies suggested that one cause of this strengthening is that solution treatment converts the 1 and phases to the solid solution phase. 4) However, the details of the diffusion process by which multiphase structures convert to a single phase and the hardness change of each resulting microstructure remain unclear.
Ag-Pd-Cu-Au alloy castings are applied as dental restorations after heat treatment, either for softening or hardening, according to clinical requirements. It is clear that the solution treatments of this alloy at temperatures around 700 and 850 C lead to softening and hardening, respectively. However, the cause and mechanism of hardness change of multiphase alloy castings by means of solution treatment temperature remain unclear.
For the as-cast sample and samples solution-treated at 50 C intervals from 650 to 850 C, we observed the metal and crystal structures by scanning electron microscopy (SEM) and X-ray diffraction (XRD), and measured the elemental distribution and dynamic hardness of individual microstructures by use of electron probe microanalysis (EPMA) and dynamic ultra-micro hardness tester, respectively. The purpose of this investigation is to explore the possibility of a reasonable and effective heat treatment method applicable to the Ag-Pd-Cu-Au alloy that fulfills necessary requirements by clarifying the hardness change mechanism of this alloy.
Materials and Methods

Materials
A commercial dental Ag-Pd-Cu-Au casting alloy (CAST-WELL M.C. 12% GOLD: 46Ag-20Pd-20Cu-12Au-2tr., GC, Tokyo, Japan) was used.
Sample preparation
Cast plates (10 mm Â 10 mm Â 1:5 mm and 20 mm Â 20 mm Â 0:4 mm) were prepared. After casting, molds were allowed to cool to room temperature, and the plates were removed (as-cast sample). The plates were heated in an electric furnace at 650, 700, 750, 800, or 850 C, each for 30 minutes, and then rapidly cooled in water (solution treatment). The surface of the plates was metallographically polished with SiC papers (#400 ! #800 ! #1000), and then with 0.3 mm aluminum suspension.
Measurement and analysis 2.3.1 Hardness test
A dynamic ultra-micro hardness tester (DUH-201S, Shimadzu, Tokyo, Japan) was used for the dynamic hardness test. Dynamic hardness (DH) is defined as follows: 8) DHðGPaÞ ¼ 3:8584P=D 2 P and D represent the indentation load (mN) and depth (mm), and 3.8584 is the coefficient using a triangular pyramid indenter with a tip angle of 115 . The indenter was pressed into the plate specimen at a loading velocity of 13.2 mNÁs À1 , until the load reached a specified value (25 mN) where it was held for 5 s, after which the indentation depth was measured with a differential transducer. The hardness was obtained at 80 sites, spaced 20 mm apart. Indents observed by SEM to occupy two or more microstructures were excluded, so that only hardness values calculated from single-structure indents were evaluated. The mean value for each structure with sufficient available measurements (n = 4) was obtained. The Vickers hardness of the alloy was measured on the same sample, using a Vickers hardness tester (MVK-E, Akashi, Tokyo, Japan) at a load of 50 g (490 mN) and a retention time of 15 s (n ¼ 3). For statistical analysis, a t-test was performed (p < 0:05).
SEM
To confirm the metal structure and the location (microstructure) of the indents made during the dynamic hardness test, the samples were observed after the test by SEM (S-4700, Hitachi, Tokyo, Japan), at an acceleration voltage of 20 kV and magnification of 1500 times.
SEM/EPMA analysis
The as-cast and solution-treated samples were subjected to surface (50 mm Â 50 mm) and point analysis at an acceleration voltage of 15 kV and a probe current of 2:95 Â 10 À8 A, using an SEM/EPMA (JXA-8900L, JEOL, Tokyo, Japan).
Point analysis was performed at three sites in each microstructure, and the mean value was regarded as the composition of the microstructure.
X-ray diffraction
The as-cast and solution-treated samples were subjected to X-ray diffraction using an X-ray diffractometer with CuK rays (JDX-3500, JEOL, Tokyo, Japan). The glancing angle was fixed at 3 from the incident angle. The profile of diffraction peaks was obtained, and the peak sources were determined from references. Figure 1 shows SEM images of sample surfaces following the dynamic hardness test of the as-cast sample and samples solution-treated at 650, 700, 750, 800, and 850 C for 30 minutes. The as-cast sample consisted of three different microstructures: a eutectic, fingerprint-like structure (Structure A), a white matrix phase with wider layers (Structure B), and a black island-like phase with Widmanstätten structure (Structure C). From the Ag-Pd-Cu ternary phase diagrams, 9) it is conjectured that Structures A and B consist of both 1 (dark regions) and 2 (light regions) phases, while Structure C is the 1 phase with (PdCu) phase.
Results
SEM images
10) Structure C was surrounded by Structure B. The metal structures after treatment at 650 and 700 C were similar to those of the as-cast sample. The treatment at 750 C tended to cause the layer structure of Structure B to disappear. Solution treatment at 800 C produced a 1$2-mm wide-striped phase, while the layer structure of Structure B was lost. In the sample treated at 850 C, Structures A and B were indistinguishable; that is, the boundaries between Structures A and B became indistinct and the structures tended to homogenize. Structure C no longer had a Widmanstätten structure. Figure 2 shows elemental concentration (at%) of each microstructure of as-cast and solution-treated samples. The Au concentrations in all three structures were consistent with each other and independent of treatment temperature.
SEM/EPMA analyses
The Pd concentrations in Structures A and C were nearly equivalent, and were independent of treatment temperature. In Structure B, the Pd concentration of the as-cast sample was lower than in Structures A and C, but tended to increase slightly with increasing treatment temperature, approaching the concentration of Structures A and C at 850 C. Ag was unevenly distributed among the structures. The Ag concentration was highest in Structure B, followed by Structures A and C, regardless of treatment temperature. The Ag concentration in Structure A remained relatively constant with increasing treatment temperature. In Structure B, the Ag concentration was unaffected by heat treatment below 800 C, with an exception at 700 C treatment. The Ag concentration in Structure B decreased after treatment at 850 C, falling to a level near the concentration of Structure A. The Ag concentration in Structure C remained constant at as-cast levels for samples heated to 800 C or less, but increased with 850 C treatment, coming close to the concentration of Structure A.
The Cu concentration also varied among structures. It was highest in Structure C, where Ag concentration was lowest, followed by Structures A and B. The Cu concentration in Structure A did not change significantly with increasing treatment temperatures, while the concentration in Structure B decreased after heat treatment between 650 and 800 C. Cu concentration in Structure B increased after treatment at 850 C, reaching almost the concentration of Structure A. In Structure C, the Cu concentration did not change after treatment below 800 C, and dropped, approaching the concentration of Structure A after treatment at 850 C. In summary, no change in Ag or Cu concentration was observed in Structure A after solution treatment, but rapid equalization of Ag and Cu concentrations occurred during treatment at 850 C in Ag-rich Structure B and Cu-rich Structure C. Figure 3 shows X-ray diffraction profiles of as-cast and heat-treated samples. In the as-cast sample, four peaks were detected at 2 angle between 30 and 50 . A vertical section of the three-dimensional diagram of the Ag-Pd-Cu ternary alloy 9) shows that 1 and 2 phases are generated around the composition of the used alloy. Furthermore, the 2 angles of the peaks were consistent with those in the references. [10] [11] [12] [13] Thus, peaks at angles 2 ¼ 38: 4 and 44.6 were assigned to Ag-rich 2 (111) and (200) and 0.7 , respectively, from those of 650 C. The (PdCu) peak disappeared at 800 C. At 850 C a new peak, assumed to arise from , appeared with a reduction in the 2 and 1 peak intensities. Figure 4 shows the dynamic hardness of the individual microstructure and Vickers hardness of the as-cast and solution-treated samples. The Vickers hardness of the as-cast sample was 198 Hv. The lowest hardness (156 Hv) was obtained from the sample treated at 650 C. Hardness slowly increased with increasing treatment temperature, and markedly increased to 271 Hv after 850 C treatment. According to a t-test, no statistically significant differences were present among samples heated to 650, 700, and 750 C, but the hardness after 850 C treatment was significantly higher than the others (p < 0:05).
X-ray diffraction analyses
Dynamic hardness and Vickers hardness
The mean dynamic hardness was highest in Structure A, followed by Structures C and B in all samples tested. In contrast, the dynamic hardness of the as-cast sample was 245-260 DH in all structures, with no significant difference between structures (p > 0:05). The hardness of Structures A, B and C decreased with heat treatment temperature up to 700 C. They increased with treatment above 750 C, steeply increasing to their maxima of 344, 325, and 340 DH at 850 C, respectively. A t-test shows no significant differences in single-structure hardness between samples treated at 650, 700 and 750 C (p > 0:05). The hardness of Structures A and B after treatment at 800 C were significantly higher than those after treatment at lower temperatures (p < 0:05), and the hardness of Structure C after treatment at 800 C was significantly higher than that after 700 C treatment (p < 0:05). The hardnesses of all the structures of samples treated at 850 C were remarkably higher than those of samples treated under other conditions (p < 0:05). Solutiontreatment-induced changes in dynamic hardness of the individual structure were parallel to changes in the Vickers hardness.
Discussion
The Ag-Pd-Cu-Au dental alloy, which was allowed to cool after casting, had a multiphase structure. Thus, the as-cast alloy has a risk of corrosion in the oral environment according to the electrochemical activity arising from heterogeneity in the metal structure. It is well known that Pd plays an important role in improving the corrosion resistance of this alloy. However, obtaining a homogenous structure from this alloy should allow for improved stability under a corrosive environment. Furthermore, the alloy has a Vickers hardness of around 200, and further improvement in the mechanical strength of the alloy would allow for prosthetic devices with superior characteristics. Isothermal heat treatment and quenching of the as-cast sample brought changes in metal structure, hardness, crystal structure, and chemical composition of the microstructures, depending on treatment temperature. The metal structure of the alloy after solution-treatment at low temperature, from 650 to 750 C, is the same as that of the as-cast sample, although the hardness decreases. X-ray diffraction profiles of solution-treated alloy show that the intensities of the 1 and 2 peaks increase compared to that of the as-cast sample, suggesting that heat treatment releases the strain generated by casting, improving crystallinity and reducing hardness. On the other hand, elemental distribution in each structure remained constant, and no diffusion between structures occurred in this temperature range. However, elemental rearrangement and short-range diffusion within each structure probably do occur, since the 2 and 1 peaks shifted to higher and lower angles, decreasing and increasing lattice parameters, respectively, and changing the dynamic hardness. In addition, solution treatments lead to the formation of a (PdCu) ordered phase. Less of this (PdCu) phase forms as treatment temperature increases, and the phase is not present after 800 C treatment, where a distinct change is observed in SEM images. The layered 1 comprising Structure B tends to disappear, and diffusion within the structure is verified.
When the treatment temperature is increased to 850 C, the diffusion occurs not only within each structure, but also between the structures. The differences in elemental concentration between structures after 850 C treatment are obviously smaller than these differences after lower temperature treatment. SEM images show an appearance of uniformity; that is, in addition to disappearance of the layered structure of Structure A, Structure A becomes fused with Structure B. Furthermore, the change in crystal structure from 1 and 2 to confirms diffusion. Therefore, the mutual diffusion of elements between structures contributes to increased hardness, suggesting the occurrence of solid solution strengthening. Tanaka et al. 14) reported that precipitation hardening of heated then quenched, supersaturated Cu and Pd resulted from the formation of metastable 0 . Toyama 15) also reported the contribution of the 0 to precipitation hardening. The strengthening of high-temperature solution-treated Ag-PdCu-Au alloy would result from a combination of these same mechanisms.
Even solution treatment at 850 C cannot produce completely homogenized structures, however it is likely that the structure is fairly uniform since each structure has a similar elemental distribution and high hardness.
Conclusions
(1) The as-cast structure has high hardness because of internal casting strain. The hardness difference between microstructures was small. (2) Solution treatment at temperatures below 750 C contributes to the release of strain, but not to the diffusion of elements between microstructures. However, atomic rearrangement within a phase in each microstructure does bring about changes in lattice parameter and dynamic hardness. (3) The PdCu ordered phase appeared below 650 C and disappeared at 800 C, and changed to a disordered phase. (4) Solution treatment at a temperature of 850 C contributes to significant diffusion between microstructures and results in a crystal change to phase, leading to a hardness increase due to solid solution strengthening. (5) Solution treatment at lower temperatures (650-750 C) of this alloy would be applicable to softening heat treatments, while that of higher temperature (850 C) would be applicable to hardening heat treatments.
